This paper presents the results of a preliminary evaluation of a platinum silicide (PtSi) Schottky CCD as an imaging array for astronomical applications. The work was done in the near-infrared (1.2 ,um < X < 2.5 ,um) spectral regime, where there is presently a lack of commercially available panoramic arrays with acceptable performance. During an initial test run, the array detected a star of magnitude 3.5 using an integration time of 128 msec. Proper optimization of the readout electronics, cryostat configuration, and matching of the telescope image scale to the pixel size could allow detection of a source -100 times fainter in a 1-sec integration time. This paper will discuss the array architecture, measurement and signal processing techniques, and the observatory and laboratory evaluation tests.
PtSi Schottky Array Architecture
The infrared (IR) focal plane is a monolithic array of 32 X 64 platinum silicide (PtSi) diodes on a p -type silicon substrate that was designed by Walter Kosonocky of RCA, Princeton, N.J. 1 -3 The PtSi Schottky diodes are made by evaporating a pattern of platinum on the p-type silicon substrate followed by an annealing process to form the silicide compound. The detection of IR radiation occurs 1 ' 4 5 within the resulting PtSi Schottky barrier diodes. In addition to the detectors, the focal plane has a buried channel CCD shift register and amplifier for signal readout. 6 The PtSi diodes are back-illuminated, so the incident radiation must pass through the silicon substrate to reach the detectors. 5 Therefore, the cut-on wavelength of the device is 1.1 gm due to the blocking action of the silicon substrate, whereas the cutoff wavelength is controlled by the metal-semiconductor Schottky barrier as shown in Eq. (1): 1.24 A= ,
~~~~~~~~(1)
Vmsec where X is the cutoff wavelength in micrometers, and 4'msec is the Schottky barrier potential in electron volts. Thus photons with energies lying within this spectral band produce electrons by means of an internal photoelectric effect. The quantum yield Y(hv) is determined by ,Vmsec and the quantum efficiency coefficient C 1 and is defined by the modified Fowler equation 
Y(hv) =(hv -msec)2,
hv (2) with hv in electron volts and C 1 in (electron volts).- 1 Rearranging terms results in an expression that shows the spectral response in terms of the cutoff wavelength
The IR detection process occurs by internal photoemission, and its efficiency depends in part on the thickness of the PtSi layer. 8 The IR photon is absorbed in the PtSi layer, producing an electron whose energy is above the Fermi level and the creation of a hole below the Fermi level. If the hole energy is below the Schottky barrier potential l'msec, an electron from the semiconductor can tunnel into the silicide to fill this vacancy. The energy band diagram depicting this process is shown in Fig. 1 . In the operation of this array, the PtSi layer is floating at a preset bias above the substrate during the photodetection process, so the net effect of the photoemission process is to increase the number of electrons on the PtSi, thus reducing its potential. Blooming due to a strong flux input is effectively controlled, since an excess accumulation of negative charge forward biases the junction and prevents further photoemission. The resulting forward bias is not sufficient to inject charge into the CCD register, thereby localizing the saturation and preventing the blooming common to CCD type detector arrays.
The focal plane assembly is an interline transfer 9 type device with 32 columns of 64 detectors in a square format. Figure 2 is a partial array showing five columns and six rows to illustrate the architecture. The CCD shift registers are of the four-phase design with the horizontal register containing an extra transfer cell between each column. This is necessary to accommo- date the extra space between columns due to the vertical shift register. These dummy pixels are interlaced on the output video with valid picture information. This feature may be of great value in overcoming to some extent the problems caused by poor transfer efficiency of these devices. The detectors are isolated islands connected to the column CCD shift register by a transfer gate. The signal charge is transferred to the column register during the application of the transfer pulse; therefore, the array can be integrating input flux while the results of the previous integration are being read out. During readout, the signal charge is detected by a floating diffusion charge amplifier.
II. Experimental Results

A. Test Geometry
The imaging system used for both laboratory and telescope tests consisted of a cryostat assembly, signal processing electronics, and a computer system as shown in detail in Fig. 3 . The cryostat system consisted of a commercial Janis LN 2 research Dewar that contained the PtSi Schottky barrier CCD and a cooled interference filter. The bandpass of the filter was 2.0-2.4 ,um (K band); the filter was cooled to 77 K to eliminate any background radiation from the filter itself since the detector responds to beyond 4 AIm. The K band was chosen for these tests because of the higher quantum efficiency of the detector, the astronomical interest in imaging in the 2-Aum band, and the ease of testing in the laboratory. The signal processing electronics consisted of an analog processor, digital control logic to generate the clock signals, and a frame grabber. The analog processor utilized a double correlated sampling system to remove the reset (KTC) noise and a 12-bit ADC to digitize the data for entry into the frame grabber. The frame grabber consisted of a two-port 2048 by 12-bit RAM memory that was used to store one frame on command. It was then possible to read out this memory into the computer system for further data processing. The computer system consisted of a Varian 620/f computer with a disk and tape drive for mass storage. The computer was linked to a Camac system that was the control and data transfer link between the computer and the signal processor. This is a common technique utilized at Kitt Peak to link observing instruments to the computer systems.
B. Telescope Tests
The measurements discussed in this section were made at the Kitt Peak National Observatory using the 1.3-m telescope. The LN 2 cryostat containing the PtSi array was mounted at the Cassegrain focus as depicted in Because of the unequal pixel spacing of the array, all the photographs are compressed by a factor of 2 in the horizontal (32-pixel) direction. from the array. Due to the interrupts needed for telescope control, the array in the frame grabber was read out approximately once per second. These data were then added to the data already stored on a pixelby-pixel basis, while a new array of data entered the frame grabber. After proper scaling at the end of the data acquisition cycle, this array became the average data frame, which was then stored on disk and magnetic tape. Each pixel of this array is the average of the corresponding pixel in the data sequence of several frames. Using this technique, an average object-plus-background frame of data was computed and stored using up to 100 frames of raw data with the telescope pointed at an object. An average background frame was computed in the same manner, with the telescope pointing at a nearby blank sky field. The difference between these two averaged data frames was computed and saved as object data. These three data frames were then available for computer analysis at the off-site facility.
The photograph shown in Fig. 5 of the star 0 Leo (magnitude +3.5 with in-band flux density of -5 X 10-16 W/cm 2 at the focal plane) was taken from a video monitor display of the object data frame, where the contrast of the picture was enhanced by expanding the dynamic range of interest using an 8-bit digital scan converter adjusted for both brightness and contrast. Figure 6 shows a photograph of a star image without background subtraction, and Fig. 7 shows the same star with the background subtracted. This clearly illustrates the image enhancement due to background subtraction. Figure 8 shows a lunar crater image obtained using background subtraction.
These preliminary results are sufficiently encouraging to indicate that an array using the PtSi technology could be a useful managing device for IR astronomy. The instrumentation used in this evaluation, while sufficient for laboratory testing, proved inadequate to withstand the observatory environment. The detector temperature fluctuated considerably as the telescope attitude was changed, evidently due to imperfect thermal coupling of the LN 2 to the cryostat work surface. The drive and output signal handling electronics exhibited considerable dc drift and instability in the cold environment of the telescope dome. Installation of a heater in the electronics enclosure helped maintain the electronics at a suitable temperature for operation but did not entirely eliminate the problems. The device dark current remained sufficiently high to limit our useful integration time to 128 msec, rather than the 1 sec (or more) which would be desirable for astronomy. Tests to investigate the expected drop in dark current with reduction in temperature are being planned. Further electronics optimization should include a higher-resolution ADC and a reduction of excess read noise by means of more careful circuit design, construction, and temperature stabilization.
Proper optical matching of the telescope image to the pixel size would yield appreciable performance gain with respect to imaging applications. Since the integration time with this array is limited by dark current saturation, it is desirable to match the seeing disk of a point source (typically 2-3 sec of arc at this telescope) to the pixel size. During these tests, no attempt at optical matching was made, with the result that an individual pixel subtending 0.6 arcsec received perhaps 4% of the radiation from a point source. For the star 0 Leo, the estimated incident flux on the pixel at the center of the image was 1.8 X 105 photons during the 128-msec integration time.
Aside from anticipated gains in performance resulting from lower noise readout circuitry, one could expect to improve the detectivity of the present array by a factor of 100 for astronomical imaging applications by proper optical matching and reducing the dark current to allow integration times of the order of 1 sec. The poor filling factor of the present array would be a serious problem when used with a reduced-scale image, particularly because of the large dead space between the columns. 64 image frame. This could be done easily on any telescope with a programmable secondary mirror.
Observations made on CIT-6, which is a strong IR source, were further analyzed to determine quantum efficiency and general performance characteristics of the array. Figure 9 is an intensity contour plot of . The effects of the poor transfer efficiency of this array can be seen in the compression of the contours of the leading edge of the star image and the spreading of the contours on the trailing side. The effect of the transfer inefficiency is much more pronounced in the horizontal than in the vertical register. This is a typical result that we have seen on numerous other CCD type imagers and is probably due to the higher shifting speed of the horizontal register. There is a dummy pixel between each vertical column that could be used to improve the transfer results by adding the contents of that cell, which should be zero under ideal conditions, to the previous cell in the video data. This was not done for these tests because the frame grabber was not designed to save the contents of the dummy pixel.
A numerical integration was performed on the contour plot to determine the total power collected from the source CIT-6, and this was compared with the known power from this source. This measurement resulted in a quantum efficiency of -0.4% for the array including the dead space or -1.8% for the active area only. These numbers compare favorably with the laboratory measurements and are consistent with previous measurements made on this type of array. 10 
C. Laboratory Tests
Both before and after the telescope run, tests were conducted in the Kitt Peak National Observatory R&D laboratory in Tucson to calibrate and evaluate the system under repeatable conditions. The parameters thus investigated were system conversion gain, noise, 
System Conversion Gain and Noise
Basic to the evaluation of any imaging sensor is the determination of the system conversion gain and read noise. Many times this is estimated, but it can in fact be quantitatively determined based on the following relationship:
where V(s) is the output noise variance in digital units due to input photon flux s, g is the system gain in digital units/input electron, n is the system rms noise in electrons, and s is the mean output signal in digital units due to input photon flux s. Implicit in the use of this relationship, herein referred to as the mean-variance curve, is the assumption that the only sources of noise are the quantum noise associated with the signal and the signal amplitude independent system noise. This relationship is commonly used in the evaluation of visible CCDs, 11 and its derivation can be found in a paper by Mortara and Fowler12 on the evaluation of CCDs for astronomical use. Digital units (du) are used here because most data are taken after A-D conversion for reduction by computer, but the measurements can just as easily be made in the analog domain. This equation is a straight line whose y intercept is the system noise and slope is the system conversion gain. In addition, the system full scale or well capacity can be determined where this curve departs from a straight line at the higher signal levels.
Any other departure of this curve from a straight line is an indication of a nonlinear system response.
The data to generate each point on the curve consisted of ten exposure frames, typically at an integration time of 16 msec, at some input flux level (the level need 0 400 800 1200 1600 2000 2400 2800 3200
MEAN OF THE SIGNAL Fig. 11 . Mean-variance plot obtained by laboratory tests.
not be known but must be stable during the exposure period), and ten frames at the background level. It is necessary that the background level be near zero or errors will occur in computing s. From these data an average signal plus background and average background frame are computed, and an average exposure frame is determined from their difference. The average signal 9 is determined by computing the mean of the selected 635 pixels in the average exposure frame. The determination of the variance V(s) is somewhat more complicated. First, to eliminate the coherent features, the average signal plus background frame is subtracted from each of the ten signal plus background frames to create ten noise frames from which the variance is computed using the selected 635 pixels. The Gauss correction factor of 10/9 is then applied to the result. The mean-variance curve obtained on this device is shown in Fig. 11 . From this curve it is obvious that there is a linearity problem at levels below 900 du, which was also seen in the small signal linearity tests discussed later. It was noted that the signal level in the dummy pixel also rose with flux level during this period. It is thought that the nonlinearity is caused by charge being lost from the signal to the dummy pixel at low flux levels due to poor charge transfer efficiency. Since this would be a noisy process, it could account for the increase in the variance. This explanation is further strengthened by the fact that the straight-line projection of the linear part of the curve at higher flux levels intersects the y axis with the measured zero flux measurements. Also, one would not see this effect in the measured value for the zero flux case if the plateau in the variance were simply due to dark current noise. Although this array utilizes a buried channel CCD and one would not expect this effect, it may in fact be caused by the low operating temperature (77 K) requirement of the array. Introducing and optimizing an electrical fat-zero signal or signal processing techniques utilizing the contents of the dummy pixel should reduce this effect.
To obtain the system conversion gain we did a linear regression using the data from the midrange area of this curve and obtained a gain of -180 electrons/du. Using this gain, a saturation level of 400 X 103 electrons was computed. The read noise in the zero flux case was n400 electrons, resulting in a dynamic range of 103 if one ignores the problem area at low signal levels. These data were taken before and after the telescope test, and the results compared favorably, indicating that the signal processing electrons were stable under laboratory conditions.
Small Signal Linearity
In these measurements we evaluated the intensity of the system as a function of background flux. This is important since sky and dark current background signal are much larger than the desired signal. The test consisted of varying the background flux with a lamp source and generating a stable small signal utilizing a 580 K blackbody source. To reduce the system noise effects, twenty-five frames of data were averaged utilizing the same 635 pixels as in the previous measurements. The average frame of signal plus background was subtracted from the average background frame to obtain the signal level. A plot of signal level vs background level from this test is shown in Fig. 12 .
Like the mean-variance curve, this plot shows the gain reduction at lower background signal levels. The small signal linearity in the midrange shows a general decrease in gain, which is possibly due to the increase in the negative charge on the PtSi electrode or to the resultant decrease in bias voltage level. Further study and testing are required to verify this theory.
Quantum Efficiency
To verify the telescope measurements, the quantum efficiency was measured in the laboratory. A blackbody was used as the known source of flux. The conversion gain measured previously was used to determine the number of electrons for the calculation. The signal level was determined from the difference between an averaged signal plus background frame and background frame. The quantum efficiency measured in this manner was 2.3% for the active area. If one takes into account the filling factor, the array quantum efficiency is 0.5%, which compares favorably with the telescope measurement of 0.4%. The array being evaluated was a couple of years old; recent improvements in technology are believed to result in detectors with an order of magnitude improvement in quantum efficiency.
Ill. Conclusions
The results of the preliminary investigation indicate that PtSi Schottky technology has potential as an imaging array in the 2-2.5-Aum band. Several of the problems discovered in the preliminary evaluation will have to be solved or better understood so that the calibration procedures can be developed. The quantum efficiency and filling factor problems have been addressed by recent improvements in the Schottky barriertechnology, which are yielding quantum efficiencies of 20 and filling factors over 90%. A redesign of the electronics could correct the temperature problems at the telescope and provide additional flexibility in signal processing. The low-level transfer efficiency problem can be improved by utilizing the signal in the dummy pixel, introducing a fat zero in the present design, or by designing an improved CCD tailored for operation at 77 K. The gain change with background will have to be investigated more carefully so that its effect can be predicted.
With these improvements, it should be possible to increase the sensitivity of a Schottky barrier imager by a factor of 100 or more from the 3.5 magnitude level achieved in this investigation. Although these arrays are a long way from the sensitivities of single or multiple discrete detectors in the band, the 2-D format will be a useful addition in those intensity ranges where there is sufficient flux. 
